Introduction
Swimbladder gas gland cells are epithelial cells specialized for the production of acidic metabolites. In spite of the fact that they usually are exposed to high oxygen tensions, they mainly produce lactic acid from extracellular glucose stores [9, 10] . As a second acidic metabolite CO 2 is formed in the pentose phosphate shunt, only traces of glucose are oxidized in the aerobic metabolism [11, 17] . This acid production and the subsequent acid release into the blood stream are essential for the reduction of the gas carrying capacity of the blood during passage of the swimbladder tissue, which results in an initial increase in blood gas partial pressures [4, 13, 15] . In a subsequent step this initial increase in gas partial pressures is then multiplied by countercurrent multiplication, and the swimbladder is filled with gas by diffusion of gas molecules from the blood into the swimbladder lumen [4, 5, 13] .
At the luminal surface the swimbladder epithelium is covered with surfactant [2] , and recent studies revealed, that this surfactant is also produced by swimbladder gas gland cells [16] . Gas gland cells therefore apparently serve a dual function, they are responsible for the production of acidic metabolites, which are released at the basolateral membranes, and they produce surfactant, which is secreted via exocytosis at luminal membranes.
Being able to culture gas gland cells would be extremely useful for studying cellular aspects of acid release or exocytosis of surfactant. A recent study [12] demonstrated that gas gland cells can be put into primary culture. Photomicrographs of these cells cultured on collagen gel showed typical polygonal epithelial cells, but the histology of these cells was not analyzed. Cells cultured in petri dishes typically are very flat and show no clear polarity. Gas gland cells in vivo, however, are highly polar with an extensive basolateral labyrinth and some microvilli in the luminal membrane [3, 18] . The present study therefore was set out to establish a superfusion culture system for gas gland cells, in which the cells can be supplied with different media from the basal and luminal side and thus should regain their characteristic polarity observed in vivo. Ultimately, an airliquid system should be developed in order to mimic the in vivo situation, in which the luminal surface is exposed to the gas phase of the swimbladder lumen.
Materials
A. Computers and software.
01. IBM compatible personal computer. 02. Software package for LSM 510.
Abstract. Swimbladder gas gland cells are polar epithelial cells which release acidic metabolites through the membranes of an extensive basolateral labyrinth, and secret surfactant via exocytosis at apical membranes. We have developed a method to establish primary cell cultures of gas gland cells in order to establish a model system for physiological analysis of gas gland cell function in vitro. Isolated gas gland cells attach to collagen S coated surfaces. Cells cultured in collagen S coated petri dishes were flat and showed no histological polarity. Cells cultured on Anodisc membranes in a superfusion system, in which the apical and basal side of the cells Key words: Air/liquid cell culture, Anguilla anguilla, Gas gland cells, Superfusion system, Swimbladder was supplied with a saline solution and with glucose containing DMEM cell culture medium, respectively, showed a clear polarity similar to the in vivo situation. Measurement of lactate release at the apical side and at the basal side revealed that these cells were functionally polar and secreted at least 70% of the lactate at their basal membranes. Gas gland cells could also be cultured in an air/liquid system, in which the apical membrane was exposed to humidified air. Cells cultured under these conditions released lactate only on the basal side and histologically were similar to cells cultured in the superfusion system. The cells are seeded onto Anodisc 13 filter membranes. These filters are assembled between the two holder rings of the Minusheets ( Figure 1A ). Normally these holder rings have legs on the lower half, which are removed to get better tightness in the superfusion chambers (see below). Before seeding the cells place the assembled filter membranes in culture plates (24 wells) on small tables made of polycarbonate (autoclaveable) and fill the chamber with 2 ml of the incubation medium. Then add 0.5 ml of the cell suspension onto the filter membranes and let the culture grow for two to four days. When the cells reach confluency transfer the filter membranes into the cell chambers of the superfusion system, which essentially is a modified Ussing chamber. The cell chambers are tightened with O-rings and fixed with three thumb screws ( Figure 1B) . The whole superfusion system consists of these superfusion or cell chambers, an eight channel peristaltic pump, two bottles with different media for each side of the chamber, and a custom designed fraction collector (Figure 2) . The bottles, cell chambers and the fraction collector are connected with silicon tubing. The peristaltic pump is set to a constant flow of 1 ml h -1 , and the fraction collector separately collects the two solutions in samples of one hour interval (i.e. 1 ml samples). This fraction collector permits a cooling of the samples for a couple of hours until they are frozen at -80 °C for further analysis. Each part of this setup can be autoclaved.
In the liquid cell culture experiments the cells were superfused with the incubation medium at the basal side and saline solution at the apical side. In air/liquid experiments the luminal side of the cells is exposed to humidified air. Air is sterilized by using an aquarium pump to pass it through a 0.45 µm filter and humidified with teflon air-stones in two serial 50 ml plastic bottles filled with autoclaved destilled water. The humidified air is pumped to the cell chamber by the peristaltic pump at a flow rate of 1 ml h -1 . For comparison cells were also seeded on collagen S coated petri dishes. Histological examination of these cells followed classical procedures of histological tissue examination [18] . 
Results and discussion
Although swimbladder gas gland cells did not attach to uncoated plastic surface, they could be cultured on collagen S coated petri dishes. Electron microscopical examination revealed that cells cultured under these conditions were flat and had their highest elevation in the area of the nucleus, where the cell thickness was about 4 to 5 µm. The cells showed no obvious histological polarity (Figure 3 ). This is in stark contrast to the appearance of gas gland cells in vivo. Gas gland cells of the eel typically are characterized by extensive basolateral membrane foldings, sometimes termed basolateral labyrinth [3, 18] . The apical membrane includes some small microvilli, and mitochondria are present, although not numerous. Cells cultured on a permeable support (Anodisc membranes) show a rather different histology ( Figure  4) . The cells are cuboidal and the nucleus does not cause any deformation of the cells. The cells are about 7 to 10 µm high, which is close to the in vivo situation [18] . The apical membrane is characterized by small microvilli. A number of vesicles is located near the apical surface which resemble the lamellar bodies known from surfactant secreting type II cells of the mammalian lung epithelium [6, 7] . Pronounced membrane foldings were observed especially in the lateral membranes, but in some preparations also in basal membranes. Using immunohistochemistry Na + /K + -ATPase was localized especially in lateral membranes, but not in apical membranes (data not shown). Live cell staining using MitoTracker TM Green demonstrated the presence of filamentous mitochondria similar to the ones present in cells in vivo [3] .
In a previous study enzyme activities of the glycolytic pathway and of the pentose phosphate shunt in gas gland cells cultured in collagen S coated petri dishes indicated that these cells retain their characteristic metabolic capacities, and these cells indeed release lactate into the incubation medium [12] . Measurement of lactate concentration in the superfusate demonstrated that cells cultured on a permeable support also produce and release lactate. Lactate concentration in the fluid of the basal side was much higher than in the fluid of the apical chamber, and a calculation of the amount of lactate released revealed, that about 65-70% of the total lactate released was released to the basal side ( Figure 5 ). The experimental set up did not permit a measurement of the electrical resistance, but a check of cell density on the filter membrane by staining the nuclei with Hoechst 33342 and addition of phenol red to one side of the superfusion chamber revealed that the cells did not form an absolutely tight epithelium, and there was always some phenol red leaking through the membrane. In consequence, the lactate gradient from the basal side to the apical side of the chamber may have caused a paracellular diffusion of lactate from the basal to the apical side. The calculated difference in lactate release between the apical and the basal side therefore may well be an underestimation.
In an additional set of experiments the fluid of the apical side was replaced by humidified air. The histology of gas gland cells in air/liquid culture was similar to the one already described for the liquid system (data not shown). Cells cultured in the air/liquid system also produce and release lactate, and this lactate is only released through the basal membranes. Although there was no indication for a difference in cell density on the filter membrane, the total amount of lactate released from these cells was about twice as high as in the liquid system ( Figure 6 ). Analysis of metabolic activity of eel swimbladder tissue in vivo suggested that hypoxia caused a decrease in the rate of lactate production [14] . Due to the higher oxygen capacity of the gas phase compared to the saline solution the oxygen supply to the cells in the air/liquid system should be much better than in the liquid system. It thus may well be that the improved oxygenation of the cells in the air/liquid system induced an increase in the metabolic activity of the cells and thus an increase in the rate of lactate release.
In summary, when cultured on permeable supports in a superfusion system by the methods of this paper, gas gland cells clearly show a histological and functional polarity. They regain the capacity to produce and release lactate to the basal side as well as surfactant to the apical side and therefore are a useful model for the analysis of gas gland cell function. Figure 6 . Average rate of total lactate release by cultured gas gland cells (in nmol·h -1 ) during the first 48h of culture in a superfusion system with fluid supply to both sides of the superfusion system (liquid culture) and in an air/liquid system (mean ± SE; n = 20). *, significantly different with p < 0.05.
